Nonlinear Loss in Nd-doped Laser-Glass, by Penzkofer, Alfons & Kaiser, W.
Nonlinear loss in Nd -doped laser glass 
A. Penzkofer and W. Kaiser 
Physik-Department der Technischen Uni vers tat Munchen, Munich, Germany 
Received 31 July 1972) 
The amplifier gain and the energy transmission in Nd-glass were investigated as functions 
of light intensity using single picosecond pulses. The observed reductions of gain and trans-
mission are well accounted for by a two-photon absorption process in the Nd3* system. 
There is good agreement between the measured and calculated two-photon absorption cross 
section of or' = ( l . 3 ±0.3) x lO" 3 2 cm 4/W. The two-photon absorption limits the obtainable out-
put intensity in a Nd-glass amplifier and reduces the self-focusing action in the material. 
During the past years Nd-doped glass has received in -
creasing attention in the construction of high-power l a -
ser systems. Several authors have noticed decreasing 
gain for Nd-giass at high power or at a high energy den-
sity for short input pulses. 1" 3 Two explanations have been 
offered for this effect: self-focusing for single ultra-
short light pulses,2 and filling of the lower laser level 
for trains and groups of picosecond pulses .3 
In our work we used single intense light pulses of 6-psec 
duration for the study of the nonlinear gain and the non-
linear loss of pumped and unpumped Nd-glass. The peak 
intensity of the laser pulses was monitored by a system 
using a saturable dye.4 Pulse energies were measured 
with fast phototubes and oscilloscopes (time constant, 
~0 . 5 nsec). 
In Fig . 1(a) we present the energy transmission at X 
= 1.06 M of a 32-cm-long glass rod doped with 3% 
Nd 20 3 (Schott L G 630). At an input intensity of /0 =2 
x lO 1 0 W/cm 2, the transmission is reduced to 60%, indi-
cating the nonlinear loss of the material. The same rod 
was investigated in a conventional amplifier configura-
tion (two passes). The experimental points in Fig. 1(b). 
show quite clearly the decreasing energy gain, from 320 
to 210, for increasing input intensity (1.06 M). The en-
ergy transmission of a glass rod (length, 14.7 cm) which 
contained 3% hz203 instead of Hd203 is depicted in Fig . 
1(c). This material does not show the nonlinear loss 
found in the Nd-doped specimen. It is interesting to see 
that the residual absorption (at 1.06 M), mainly due to 
F e 2 + impurities, 5 ' 8 is bleached at very high input inten-
sities. The energy transmission of a glass sample doped 
with 5% N d ^ (Schott L G 650) showed a larger nonlin-
ear loss. Measurements of beam diameter and beam d i -
vergence in front of and behind the various glass rods 
indicate a slight increase of the beam diameter and a 
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FIG. 1. Amplifier gain and energy transmission versus input 
peak intensity, (a) Energy transmission of a Schott 1G 630 
sample of 32-cm length, (b) Amplifier gain of the same rod 
(two passes), (c) Energy transmission of a glass sample with 
3% La203- T n e curves in (a) and (b) are calculated assuming an 
intensity-dependent absorption coefficient yl. 
very small decrease of the beam divergence. At 80 °K, 
the same nonlinear loss was measured in a Nd-giass 
sample (Schott L G 630) as is found at room temperature. 
Before discussing the intensity-dependent absorption and 
its origin, the following points should be mentioned, 
(i) Gain saturation due to depletion of the upper laser 
level 7 or filling of the terminal laser level 3 is ruled out 
in our experiments with single picosecond pulses. We 
,have selected two succeeding pulses of the pulse train 
(time interval, 10 nsec) and measured the gain at IQ 
= 2 x lO 8 W/cm 2 . Both pulses experienced the same am-
plification. This observation is supported by the follow-
ing numbers: From our small-signal gain we calculate a 
gain coefficient of 0 = 0.1 cm" 1 , which suggests an in -
version of J V = 5 x lO 1 8 cm' 3 (a = 2 . 1 x l 0 - 8 0 c m 2 8 ) o r an 
energy density stored within the material of 0.9 J/cm 3 . 
For 7=2xlO 1 0 W/cm2 and a pulse duration of ^ = 6 psec, 
the energy density removed is estimated to be iptp 
= 0.012 J/cm 3 ; i . e . , the upper laser level is not 
changed significantly and the terminal laser level is not 
filled appreciably, (ii) Stimulated Raman scattering ap-
pears to be unimportant in our investigations. A tJ=2 
x lO 1 0 W/cm 2, for a sample length of 30 cm and a Raman 
gain factor (at 1.06 M) of ^ = 2 x l 0 " u cm/W,9 we calcu-
late a Raman gain of e 1 2, which results in a conversion 
of about 10"7. (iii) We detected, as expected, no stimu-
lated backward scattering in the amplifier even at the 
highest input intensities, (iv) Self-focusing (due to the 
nonlinear refractive index n2) did not occur in our ex-
periments, as shown by measurements of the beam d i -
ameter and the beam divergence. The interaction of n2 
with the intensity ^ dependent absorption will be dis-
cussed below. 
Introducing a loss, y/, proportional to the intensity /, 
we write. 
dl 
which gives the solution 
exp(0-a)Z 
u 1 + y/u[expO - a)l - l]/(j3 - a)' 
(1) 
(2) 
0 is the gain factor of the Nd-giass sample, a is the 
linear absorption coefficient of the material, and / is 
the length of the sample. Equation (2) shows quite clear-
ly the reduced gain due to the nonlinear absorption. In 
fact, there is a maximum value of output intensity, I1tiux 
= (j3-a)/y, for long sample length / (see al/30 Ref. io). 
Integrating Eq. (2) over space and time, we calculated 
the energy transmission and the energy gain for various 
values of y. The two curves drawn in Figs. 1(a) and 1(b) 
suggest a value of (4± l ) x l0* 1 2 cm/W for glass of 3% 
Nd 2 0 3 content. It should be emphasized that the same 
value of y is found for pumped and unpumped Nd-glass 
and at 300 and 80 °K. Glass specimens with 5% Nd 20 3 con-
centration gave a higher value of y= (7±2 )x l0 " 1 2 cm/W, 
while the undoped glass in Fig. 1(c) does not show any 
nonlinear loss. The intensity-dependent loss appears to 
be proportional to the concentration of Nd3* ions in the 
glass matrix. 
As to the physical origin of the intensity-dependent loss, 
two processes — two-photon absorption and two-step ab-
sorption—have to be considered. The cross section or<2) 
for a two-photon transition 1 1 is given by 
y<2) .^J^rtfJ {b\H'\q)(q\H'\a) 
0>r 
(3) 
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FIG. 2. Two-photon and two-step absorption processes in Nd-
glass. A, two-photon absorption from the ground state; B and 
C, two-step absorption from the terminal laser level and from 
the upper laser level, respectively. 
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FIG. 3. Peak Intensity and beam diameter in Nd-glass (Schott 
LG 630) as a function of sample length: (l) no nonlinear pro-
cesses; (2) with two-photon absorption (y=4xl0~ 1 2 cm/W); 
(3) with nonlinear refractive index (n^ 2. 2 xiO" 1 3 esu); (4) and 
(4') with two-photon absorption and nonlinear refractive index. 
Ful l lines, output peak intensity; broken lines, ratio of output 
to Input diameter; vertical lines, effective rod length, (a) Sam-
ple not excited; (b) sample pumped. 
where u)L is the laser frequency, g(2u)L -a>6a) is the line 
shape of the transition, cu6a = a)6 - coa is the frequency 
separation between the upper state 1 b) and the lower 
state I a) of J:he two-photon transition, / is the laser i n -
tensity, q is the counting index for the levels \q) that are 
separated from the lower state I a) by a>w = o)Q - a>a, and 
H' is the interaction Hamiltonian. The single-photon ma-
trix elements (b\Hf\q) and (q\H'\a) are large for allowed 
electric dipole transitions. The product of these matrix 
elements involves the following selection rules for strong 
two -photon absorption: A J=0, ± 1, ± 2; A I = 0, ± 1, ± 2; AS 
= 0; and no change in parity. In addition, the state I a} 
must be occupied, and one requires o>.baat2a)L. These 
conditions are fulfilled1 2 for transition A (Fig. 2). Re-
membering sum rules 1 1 for the operator %q\q)(q\ and as-
suming a Gaussian line shape for the transition, we re -
write Eq. (3) as 
( 4 f f l n 2 ) ' / ^ l < q | ^ | 6 ) P [ i l n Z ( 
( r ~ 9 A W c r f c 2 e 2 0 ^ ( w t - « ) 2 ^ L V Au> c / _T 
(4) 
Q) = o ) Q - u ) a is an average of the different frequency sepa-
rations a)ca. The following data are relevant for our 
glass sample (Schott L G 630): a>L =1.785x10" sec - 1 , TJ 
= 1.509, Aco c =4.7xl0 1 3 sec" 1, aj6a = 3..555xl0 1 8 sec" 1, 
l<aIr2! 6>! = 0.39x 10* i e cm 2 , 1 3 and w=9 .4x l0 1 5 sec"1 
(56000 cm" 1). 1 2 With these numbers we calculate <r' = 1.4 
x lO" 3 2 cm 4/W. This value is in good agreement with the 
measured number of cr' = y / ^ N d 3 * = (1.3±0. SjxlO- 3 2 c m 4 / 
W (2v"Nds*= 3.2 x lO 2 0 cm"3). 
The two-step absorption coefficient is approximately 
given by y=<Tira2N/Ho)Lf where at and a2 are the absorp-
tion cross sections for single-photon absorption, r is 
the lifetime of the intermediate state, and Nis the den-
sity of the starting level. Two-step absorption is possi-
ble for transitions B and C (Fig. 2). For transition B we 
estimate y=1 .5x l0 - 1 3 cm/W at 300 °K, and y = 10"2 4 cm/ 
W at 80 °K. [a1 <* a2 <* 10"8<r>2<* 4x 10"2 3 c m 2 , 1 2 ' 1 3 r ( 4 F s / 2 ) 
= 6.4xlO" 4 sec, JV<*2.4x l0 1 8 cm" 3 at 300°K, and N*2 
x lO 5 at 80°K.] For transition C (starting from the upper 
laser level) we calculate y = 4x l0 " 1 8 cm/W (c^* a 2 ^4 
xlO" 2 3 cm 2 , T ( 4 G 9 / 2 ) ^ 10-8 sec, J V * 5 x l 0 1 8 cm" 3 , pumped 
rod). The values for y estimated here are substantially 
smaller than the experimentally determined loss coeffi-
cient. Our measurements in pumped and uripumped rods 
and our data at 80°K rule out the two-step process. 
Now we turn to investigations which include the inten-
sity-dependent refractive index n^n^+nj. We com-
puted the change of a Gaussian input pulse with peak i n -
tensity J 0 , beam diameter a (l/e value), and divergence 
O (outside the rod) when passing through a pumped and 
unpumped Nd-glass rod. 1 4 Four cases were considered 
for comparison: (1) Nonlinear processes are not pre-
sent; (2) an intensity-dependent loss with y=4x l0 " 1 2 cm/ 
W was included; (3) the nonlinear refractive index n2 
= 2.2 x 10"13 esu 1 5 f 1 8 — i . e. , self-focusing was consid-
ered 1 4 ; and finally (4) and (4') the effect of both nonlin-
earities, yJ and n2I, was calculated.1 7 In Fig. 3(a) the 
change of the peak intensity and of the beam diameter is 
shown as a function of the length of the Nd-glass rod (un-
pumped, 7 0=10 1 0 W/cm 2, a = 4.4 mm, 0 = 3.4X10" 4). 
(1) Without nonlinear effects the intensity decreases 
linearly on account of the beam divergence. (2) The loss 
yj reduces the peak intensity strongly. (3) The nonlin-
ear refractive index leads to self-focusing at a sample 
length of 40 cm*. (4) The intensity-dependent loss re -
duces the self-focusing action. For short samples the 
peak intensity is similar to case (2). (40 Of interest is 
the increasing beam diameter (I < 50 cm) followed by a 
slow decrease. The experimentally measured point 
agrees well with the calculated curve. In Fig . 3(b) the 
peak intensity and the beam diameter are calculated for 
a Nd-glass amplifier (0=0.093 cm" 1 , /0 = 108 W/cm 2, a 
= 3.8 mm, 0 = 4xlO" 4 ) . (1) Without nonlinearities the 
intensity rises linearly. (2) Nonlinear absorption leads 
to a maximum intensity, J m t t , which has been discussed 
in connection with Eq. (2). The value J m a j t= (0-a)/y 
= 2.25xlO 1 0 W/cm 2 is approximately reached for a dis-
tance of 90 cm. (3) The nonlinear refractive index leads 
to self-focusing at a sample length of ~65 cm. (4) Non-
linear absorption reduces the self-focusing action to a 
self-focusing length of ^80 cm. (40 First , the beam 
diameter increases due to the intensity-dependent loss; 
later, rather abruptly self-focusing sets i n . 
In summary, we can say that the nonlinear absorption 
affects the Nd-glass amplifier in the following ways: 
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The over-all gain is reduced and the beam diameter as 
well as the self-focusing length are increased. The lat-
ter two effects occur since the intensity-dependent loss 
reduces preferentially the higher light intensity in the 
center of the beam. 
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